Viral infections can cause genital tract disorders (including abortion) in cows, and bovine herpesvirus 4 (BoHV-4) is often present in endometritis-affected animals. A major problem with cattle uterine viral infections in general, and BoHV-4 in particular, is our limited understanding of the pathogenic role(s) that these infections play in the endometrium. A similar lack of knowledge holds for the molecular mechanisms utilized, and the host cell pathways affected, by BoHV-4. To begin to fill these gaps, we set up optimized conditions for BoHV-4 infection of a pure population of bovine endometrial stromal cells (BESCs) to be used as source material for RNA sequencing-based transcriptome profiling. Many genes were found to be upregulated (417) or downregulated (181) after BoHV-4 infection. As revealed by enrichment functional analysis on differentially expressed genes, BoHV-4 infection affects various pathways related to cell proliferation and cell surface integrity, at least three of which were centered on upregulation of matrix metalloproteinase 1 (MMP1) and interleukin 8 (IL8). This was confirmed by reverse transcription PCR, real-time PCR, Western-immunoblot analysis, and a luciferase assay with a bovine MMP1-specific promoter reporter construct. Further, it was found that MMP1 transcription was upregulated by the BoHV-4 transactivator IE2/RTA, leading to abnormally high metalloproteinase tissue levels, potentially leading to defective endometrium healing and unresolved inflammation. Based on these findings, we propose a new model for BoHV-4 action centered on IE2-mediated MMP1 upregulation and novel therapeutic interventions based on IFN gamma-mediated MMP1 downregulation.
INTRODUCTION
Reproduction is the most relevant and economically important aspect of cattle breeding and milk production. There is indeed a direct link between the lack of pregnancy and shortage of lactation, which negatively impacts the economic performance of dairy herds. The most accredited uterine pathogens are of bacterial origin, typically Escherichia coli and Arcanobacterium pyogenes, followed by a range of anaerobic bacteria such as Prevotella spp., Fusobacterium necrophorum, and F. nucleatum [1, 2] . Viral infection is also a wellrecognized cause of abortion in cows, and a variety of viruses have been implicated in pregnancy disruption [3] [4] [5] . However, viral infections as a cause or cofactor of cattle endometritis are usually neglected and seldom diagnosed. Profound pathogenetic differences between bacterial and viral infection have to be taken into account with regard to uterine infection, the most relevant of which is pathogen tropism. Endometrogenic bacteria are generally environmental and tend to infect the endometrium during parturition through the vagina, yet the primary site of infection is the epithelial layer of the uterus [6] . In contrast, viruses reach the uterus through the bloodstream following a systemic/persistent infection in which case the primary site of infection is the stromal layer of the endometrium. Bovine herpesvirus 4 (BoHV-4) has been isolated from metritis-affected cows in different countries, including the United States [7] , Spain [8] , and Serbia [9] . Several other isolates were retrieved from animals with reproductive disorders [10] , and BoHV-4 seroprevalence was associated with postpartum metritis and chronic infertility in cattle [11] . The successful replication of BoHV-4 in bovine endometrial cells was attributed to postentry events, and rapid viral reconstitution following electroporation of nude viral DNA into endometrial stromal and epithelial cells has been demonstrated [12, 13] . A possible mechanism for this rapid activation of BoHV-4 replication in the endometrium may depend on the ability of endometrial cells to efficiently activate the BoHV-4 immediate early 2 (IE2) gene [12, 13] , a key molecular trigger of BoHV-4 replication [14] . Extracellular stimuli associated with the intrauterine microenvironment, such as bacterial lipopolysaccharide (LPS), tumor necrosis factor-a (TNFa), and prostaglandin E2 (PGE2), also contribute to BoHV-4 IE2 gene expression and viral replication enhancement [12, 13, 15] . The opposite effect is promoted by INFc [16] . Based on these findings, a complex coinfection model, envisaging BoHV-4 as a cofactor for the development of postpartum metritis, has been proposed [12, [15] [16] [17] [18] [19] .
Despite these epidemiological observations, which are being corroborated by experimental/molecular evidence, many questions remain to be answered regarding the role played by BoHV-4 in bovine endometritis. Particularly relevant, in this regard, are the molecular (especially transcriptional) responses of host endometrial stromal cells to BoHV-4 infection. In fact, for their survival, viruses must exploit the metabolic and biosynthetic pathways of the cells they infect, which are known to vary between different cell types, cell lineage, and differentiation stage as well as with the state of cell activation. Key to virus infection is modulation, by the virus, of the host cell gene expression program. Transcriptome analysis is thus an important tool to investigate the molecular bases of the physiological and pathological responses underlying hostpathogen interaction. Traditionally performed with the use of microarray technology, this analysis has gained increased accuracy and coverage (including a larger dynamic range of detection) from massive parallel sequencing of the cell transcriptome by RNA-seq [20] [21] [22] . Here we used RNA-seq analysis to profile the changes induced in the transcriptome of primary bovine endometrial stromal cells (BESCs) by BoHV-4 infection.
MATERIALS AND METHODS

Endometrial Stromal Cells Isolation and Culture
Bovine uteri from postpubertal nonpregnant BoHV-4 serum-negative animals with no evidence of genital disease were collected at a local abattoir immediately after slaughter and kept on ice (no more than 3 h) until further processing in the laboratory. The physiological stage of the reproductive cycle for each genital tract was determined by observation of the ovarian morphology [23] . Genital tracts with an ovarian stage I corpus luteum were selected for endometrial cell isolation and culture, and only the horn ipsilateral to the corpus luteum was used [23] . Uteri were dissected and washed first with a 70% alcohol solution and then with sterile PBS solution, supplemented with 100 IU/ml of penicillin (Sigma), 100 lg/ml of streptomycin (Sigma), and 2.5 lg/ml of amphotericin B (Sigma). The intercaruncular areas of the endometrium were cut into strips and placed into sterile Hank balanced salt solution (HBSS) (Sigma), supplemented with 100 IU/ml of penicillin, 100 lg/ml of streptomycin, and 2.5 lg/ml of amphotericin B. Tissue was digested in 25 ml sterile filtered digestive solution, composed by 1 mg/ml of collagenase II (Sigma) diluted in HBSS solution supplemented with 100 IU/ml of penicillin, 100 lg/ml of streptomycin, and 2.5 lg/ml of amphotericin B. Following a 1 h of incubation in a shaking water bath at 378C, the cell suspension was filtered through a 40 lm mesh (Fisher) to remove undigested material and the filtrate was resuspended in washing medium made up of phenol-red free HBSS containing 10% fetal bovine serum (FBS) (Sigma), 100 IU/ml of penicillin, 100 lg/ml of streptomycin, and 2.5 lg/ml of amphotericin B. The suspension was centrifuged at 1400 rpm for 7 min and, and following two further washes in washing medium, the cells were resuspended in Eagle minimal essential medium (Eagle-MEM) (Sigma) containing 10% FBS, 100 IU/ml of penicillin, 100 lg/ml of streptomycin, and 2.5 lg/ml of amphotericin B. The cells were plated in 75-cm 2 flasks, and the medium was changed 18 h after plating in order to obtain selective attachment of the BESCs. The purity of the stromal cells was assessed by immunocytochemistry [16] and the absence of immune cells as confirmed by reverse transcription (RT)-PCR for the CD45 pan-leukocyte marker [24] . A functional bioluminescence assay based on LPS treatment of a bovine IL8/luciferase gene promoter reporter construct-transfected BESCs [17] was used to verify the maintenance of their innate immunological properties. The culture media was changed every 48 h until the cells reached confluence. All cultures were maintained at 378C with 5% CO 2 in air in a humidified incubator.
Cell Counterstaining
Cells were fixed with 4% paraformaldehyde solution for 20 min at room temperature. After two quick washes with phosphate-buffered saline (PBS), the fixed cells were incubated for 10 min in the dark with 4 0 ,6-diamidino-2-phenylindole and images were acquired under a fluorescence microscope using a dedicated camera.
Viruses
BoHV-4-EFGPDTK [25] and BoHV-4-U [26] were propagated by infecting confluent monolayers of bovine embryo kidney (from Dr. M. Ferrari, Istituto Zooprofilattico, Brescia, Italy) or Madin-Darby bovine kidney (CCL-22; ATCC) cells at a multiplicity of infection (MOI) of 0.5 and maintained in MEM (Sigma) with 2% FBS for 2 h. The medium was then removed and replaced with fresh MEM containing 10% FBS. When approximately 90% of the cell monolayer exhibited cytopathic effect (72 h postinfection), the virus was prepared by freezing and thawing the cells three times and pelleting the virions through 30% sucrose as described previously [27] . Virus pellets were resuspended in cold MEM without FBS. The 50% tissue culture infectious dose was determined with Madin-Darby bovine kidney cells by limiting dilution.
Infection of BESCs with BoHV-4
Three batches of third-passage BESCs, each derived from an individual cow, were used. Each batch represented a biological replicate. From each batch of BESCs, 6 3 10 6 cells were seeded in two different 75-cm 2 flasks, each containing 3 3 10 6 cells. One flask was infected with 1 MOI of BoHV-4-U (infected sample) for 12 h, while the remaining flask was used as an uninfected control. Following infection, total RNA was isolated from the six samples of BESCs (three infected and three uninfected controls). When cells were infected with BoHV-4-EFGPDTK, EGFP expression and infection efficiency was monitored by the Tali Image-Based Cytometer (Thermo Fisher). This is a threechannel (bright field, green field, and red field) benchtop assay platform that gives a quantitative analysis of EGFP/RFP expression, apoptosis, cell cycle, and cell viability.
RNA Isolation and cDNA Library Preparation and Sequencing
Total RNA for transcriptome analysis was isolated from six pellets (three infected and three uninfected, each containing 3 3 10 6 cells) of BESCs using TRIzol (Invitrogen) and purified by NucleoSpin miRNA kit (Macherey-Nagel), following the protocol in combination with TRIzol lysis with small and large RNA in one fraction (total RNA). RNA concentration (ranging from 292 to 380 ng/ll per sample) and quality (RNA integrity number ranging from 6 to 8 per sample) was determined on an Agilent 2100 Bioanalyzer. The isolated RNAs were stored at À808C until use. Libraries were generated using 2 lg of total RNAs per sample by the TruSeq RNA Sample Preparation v2 Illumina kit according to manufacturer's instructions including the poly(A) enrichment step. A total of six samples were then used for cluster generation and subsequent sequencing on a single lane of Illumina Hiseq 2000; 100-base paired-end reads were generated with an average of 63 539 480 reads per sample (ranging from 35 973 861 to 85 182 721).
Bioinformatic Analysis
Illumina raw sequences were trimmed using Trimmomatic v0. 32 . Minimum base quality 20 (Phred-scale) over a four-bases sliding window was required. Only sequences above 36 nucleotides in length were included in downstream analysis. Trimmed sequences were mapped against Bos_taurus.UMD3.1.68 reference genome using STAR aligner and obtaining a standard BAM alignment file. The BAM alignment files were also sorted and indexed using Samtools. Read count for gene relative abundance, differential expression analysis, and statistical analysis on RNA-seq data were made with R where the edgeR package was used to identify differentially expressed (DE) genes and the gplots package was used to plot data. To filter out low-expressed genes, only genes that have at least one count per million over at least three samples were selected for further analysis. A statistical generalized linear model was built to generate a list of statistically relevant genes for the differential expression between the two conditions. Genes with fold change ! 2 and false discovery rate (FDR) , 0.01 were deemed as DE. Transcriptomic data are available in Sequence Reads Archive, accession numbers SRS1250917, SRS1250884, SRS1250924. DAVID bioinformatics resources were used as functional annotation tool for the biological interpretation of RNA-seq results [28] . This enrichment tool allows the direct annotation of Bos taurus ENSEMBLE gene identifications (IDs) to DAVID IDs and to group enriched terms in processes with the method gene-gene/term-term association. Enriched analysis was conducted using all DE genes or upregulated-or downregulated-only genes. A FDR threshold of 10% was applied to the enrichment analysis for the identification of functionally relevant gene ontology (GO) terms or pathways (Table 1 ). Of the 598 DE genes, 558 were associated with DAVID IDs, and 173 of them were represented in enriched terms. Grouping of terms in processes was further verified using Enrichment map in Cytoscape [29, 30] . Genes belonging to the same process were used to build networks using STRING v.10 and visualized in Cytoscape [31] . An edge-weighted force-directed layout method on the combined score attribute was used for laying out the graphs. Transcription factor coding genes were identified using the Animal Transcription Factor Database [32] . Heat maps and hierarchical clustering were produced using MT4 Multi-Experiment Viewer [33] .
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Reverse Transcription PCR Total RNA was isolated by TRIzol (Invitrogen) from infected, uninfected, or transfected BESCs. Three micrograms of total RNA were reverse transcribed using Ready to Go, T-Primed First-Strand Kit (Amersham Bioscience) according to the manufacturer's instructions. Bovine matrix metalloproteinase 1 (MMP1), BoHV-4 glycoprotein gp80, BoHV-4 glycoprotein gB [34] , BoHV-4 L1.7 late gene [35] , and glyceraldehyde 3-phosphate dehydrogenase (GAPDH), used as normalizing control, were amplified with primers listed in Supplemental Table S1 (Supplemental Data are available online at www. biolreprod.org). PCR was carried out in a final volume of 50 ll containing 10 mM Tris-hydrochloride, pH 8.3, 0.2 mM deoxynucleotide triphosphates, 3mM MgCl 2 , 50 mM KCl, 5% dimethyl sulfoxide, and 0.25 lM of each primer. One hundred nanograms of cDNA samples were amplified over 35 cycles, each cycle consisting of denaturation at 948C for 1 min, primer annealing at 558C for 1 min, and chain elongation with 1 U of Taq DNA Polymerase (Fermentas) at 728C for 30 sec with a final extension at 728C for 5 min. Generated amplicons were checked in 2% agarose gel and visualized after ethidium bromide staining. Each sample was analyzed in triplicates.
Real-Time PCR
MMP1 and IE2 gene expression were evaluated by real-time PCR using the StepOne Real-Time PCR System (Applied Biosystem) and Maxima SYBR Green qPCR Master Mix (23; Rox solution provided) starting with 50 ng of reverse-transcribed total RNA. GAPDH expression was used as an internal control because it was not modulated by BoHV-4 infection, using the primers listed in Supplemental Table S1 . PCR parameters were as follows: an initial denaturation at 958C for 5 min, followed by 40 cycles of 958C for 1 min, 558C for 30 sec, and 728C for 30 sec. Quantitative real-time PCR data were analyzed according to the 2 ÀDDCt method (StepOne software v. 2.3; Applied Biosystems) and gene expression levels, normalized to the GAPDH cDNA amount, were expressed as relative quantities. For each gene, the mean quantitative RT-PCR expression values were derived from triplicate samples. Data from infected samples were compared with uninfected control samples (StepOne software v. 2.3; Applied Biosystems), presented as the mean 6 SD, and considered to be significant when P 0.05 by Student t-test.
Constructs
The p2xCMVeIE2 was generated as described before [17] . The pMMP1-Luc was obtained by subcloning a 1089 bp MluI/XhoI MMP1 promoter sequence, digested with the same enzymes from pEX-A2 (Eurofins) and inserted in Mlu/XhoI-digested pGL3 basic vector (Promega).
Transient Transfection and Luciferase Reporter Assay
Confluent BESCs in 24-well plates were cotransfected with reporter or/and effector plasmids using LTX transfection reagent (Invitrogen) prepared in Dulbecco-MEM without serum and antibiotics and left on the cells for 6 h at 378C with 5% CO 2 in air, in a humidified incubator. The transfection mixture was replaced with complete medium (Eagle-MEM, 10% FBS, 50 IU/ml of penicillin, 50 lg/ml of streptomycin, and 2.5 lg/ml of amphotericin B). Luciferase reporter assays were performed using a Dual Luciferase Reporter Assay System Kit (Promega). Following transfection, cells were washed with PBS and lysed with 100 ll of lysis passive buffer by freeze-thawing at 808C. Then 20 ll of the cell lysate was added to 50 ll of luciferase assay reagent, and luciferase activity was determined with a Victor3 Multilabel Counter (PerkinElmer), according to the manufacturer's instructions.
Western Blot Analysis
BESCs (3 3 10 6 ) in 75-cm 2 flasks, were infected with 1 MOI of BoHV-4 in 5 ml of complete medium or incubated with 5 ml of complete medium without virus to generate the uninfected control. At 3 h postinfection, flasks were gently washed with 10 ml of serum-free F-12 medium (Sigma) to eliminate any trace of serum protein and incubated for 48 h with 10 ml of fresh serum-free F-12 medium. Thus, only cell-secreted proteins were present in the medium. Infected or uninfected BESCs conditioned serum-free F-12 medium was clarified by centrifugation at 10 947 3 g for 15 min to remove cellular debris and 40 times concentrated by Amicon Centrifugal Filters (Millipore). All steps of the centrifugation were made at 48C. Different aliquots (5, 10, and 20 ll) of the concentrated BESCs conditioned serum-free F-12 medium were separated by 12% SDS-PAGE and transferred to nylon membranes (Millipore) by electroblotting. Membranes were incubated with mouse anti-bovine MMP1 antibody (dilution 1:1000, 3B6; Thermo Scientific). As a secondary antibody, an antimouse immunoglobulin G peroxidase-conjugated (A0545; Sigma) was used and visualized by enhanced chemiluminescence.
RESULTS
Setup of Balanced In Vitro BoHV-4-U Infection Conditions
Given the remarkable tropism of BoHV-4 for BESCs and the central role played by these cells in the physiology and immunology of the uterine endometrium [12, 13, [15] [16] [17] [18] , transcriptome analysis of BoHV-4-infected BESCs could be instrumental to a deeper understanding of the molecular events (particularly host cell responses) underlying virus-host cell interaction. An essential prerequisite for this analysis is a careful setup of ex vivo infection conditions, especially the duration of BoHV-4-BESC contact and viral load. Because BESCs are highly permissive to BoHV-4 infection [12, 13, [15] [16] [17] [18] , an exceedingly high viral dosage or prolonged time of virus-host cell contact would kill the cells, thus hampering the detection of pathophysiologically significant transcriptional changes. Conversely, exceedingly mild infection conditions would preclude the induction (and detection) of appreciable changes in the host cell transcriptome. Therefore, BESCs were initially exposed to different multiplicities of infection (MOI: 0.1, 0.5, and 1) by a BoHV-4 isolate (BoHV-4-U) derived from a persistently infected, BoHV-4-positive cow suffering from postpartum metritis [26] . Cell metabolic activity was monitored by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay performed at 12 h postinfection and compared with that of uninfected, control cells. To better follow infection efficiency, parallel BESCs cultures were infected with a GFP-expressing BoHV-4 variant strain (BoHV-4-EGFPDTK [36] ) under the same dose and contacttime conditions utilized for BoHV-4-U infection. Because BoHV-4-EGFPDTK is deleted in thymidine kinase [36] , an early viral gene that might be involved in the host gene expression response, use of this engineered viral strain was limited to the initial, exploratory phase of this work as a means to visually monitor the outcome of BESCs infection. As revealed by inverted fluorescence microscopy ( Fig. 1A) and image-based cytometry (Fig. 1B) data, a 12 h postinfection at a BoHV-4-EGFPDTK MOI of 1 yielded a nearly 100% infection. Under the same exposure time conditions (12 h postinfection), no detrimental effect on cell survival or metabolic activity (measured by the MTT assay) was observed with BoHV-4-U at any of the tested MOI levels compared to uninfected BESCs (Fig. 1C) . As a further preliminary test of the 1 MOI-12 h postinfection condition as the best compromise between infection efficiency (and virus-induced transcriptional response) and BESCs integrity, we determined immediate early and late BoHV-4 gene expression levels in BoHV-4-U-infected BESCs by real-time reverse transcription (RT) and RT-PCR. BoHV-4 IE2, which is homologous to the Epstein-Barr virus replication and transcription activator RTA (and thus designated BoHV-4 Rta) and is encoded by an open reading frame (ORF 50) that is conserved among gammaherpesviruses [37] was employed as primary readout for this analysis. In fact, BoHV-4 RTA plays a key role in initiating viral lytic replication, not only during reactivation of latently infected nonpermissive cells but also during de novo infection of permissive cells. Accordingly, BoHV-4 IE2 (RTA) is expressed during the entire virus replication cycle [37, 38] , a process whose initiation and progression have been shown to be strongly impaired in IE2 (ORF50/RTA) BoHV-4 mutants and to be rescued by expression in trans of ORF50/RTA [14] . In keeping with the above functional features, real-time PCR ( Fig. 2A) and RT-PCR (Fig. 2B ) data showed that IE2 gene TEBALDI ET AL. expression does indeed take place as early as 2 h postinfection and reaches a plateau between 10 and 12 h postinfection, that is, at a time that presumably coincides with an advanced stage of late gene expression. This was confirmed by the detection of glycoprotein B (gB), glycoprotein 80 (gp80), and 1.7 major late transcripts (Fig. 2C) at 12 h postinfection. Based on these cumulative data, 1 MOI and 12 h postinfection were chosen as optimally balanced infection conditions to be used for the isolation of BoHV-4-U-infected BESCs RNA to be analyzed by RNA-seq.
RNA-seq Output-Quality and Reference Assembly
An average of 22.7 million counts/sample, generated by RNA-seq analysis, were mapped against the Bos_taurus. UMD3.1.68 reference genome. This allowed the detection of 13 387 expressed genes with expression values up to 21 197 counts per million and 13 081 genes with expression levels as high as 24 695 counts per million in samples from noninfected and BoHV-4-U-infected cells, respectively. A total of 12 880 transcripts were shared by the two samples, whereas 507 and 201 genes were uniquely expressed in uninfected and BoHV-4-U-infected BESCs, respectively (Fig. 3A) . At a FDR P-value correction 0.01 and a fold change value ! 2 level, 598 genes were found to be DE in the two cell populations (see Supplemental Table S2 ). Among DE genes, 417 genes were upregulated with fold change values ranging from 2.00 to 1530, and 181 genes were downregulated with fold change values ranging from À2.00 to À7.8 (Fig. 3, B and C) . 
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binding were also among the most significant processes highlighted by enrichment analysis (Table 1 and Supplemental  Table S3 ).
Genes coding for glycoproteins (43 genes) and extracellular proteins (35 genes) quantitatively prevailed among the DE genes (Fig. 4) . Together, these two classes accounted for more TEBALDI ET AL. than 10% of the DE genes annotated in DAVID. Besides the highly induced IL8, other growth factors and cytokines such as GDNF, KITLG, LIF, NDP, NMB, STC1, CXCL14, and the interleukin-1 receptor antagonist IL1RN were strongly positively or negatively modulated. In keeping with the present RNA-seq data, IL8 was previously identified as the main cytokine induced by BoHV-4 during bovine endometrium infection and its expression levels tightly correlated with endometrial inflammatory outcome [17] . This information was strongly corroborated by transcriptome profiling. The G protein coupled receptors CALCRL, GPR133, GPR68, NMB, P2RY14, and SSTR2 as well as other surface receptor and signal transduction proteins such as FST, RSPO3, SFRP1, and the integrins ITGA2 and ITGAV were also DE in BoHV-4-Uinfected cells. This functional class also included a number of enzymatically active proteins such as ARSA, Bt.99682 (GPX3), GCNT3, LOXL4, P4HA3, PNPLA2, PTGS2, the peptidases ANPEP, C4A, CPQ, and PAMR1, the matrix metalloproteinases MMP1, MMP23B, and MMP-3, and the protease inhibitors ITIH5, PI15, PIK3IP1, SERPINF1, and SERPING1. Other membrane proteins were also present among the DE genes (see Supplemental Fig. S1 ; membrane fraction). However, as shown in Figure 4 , the most central and interconnected node within the glycoproteins and extracellular proteins interaction network was occupied by matrix metalloproteinase (including MMP1), integrins, and IL8.
The oxidation reduction process was found to be significantly enriched when only downregulated genes were taken into account. Included in this functional classification term were a glutathione peroxidase, the dehydrogenases DHRS3, NSDHL, and SORD, the lysyl oxidase LOXL4, the hydroxylase P4HA3, and several enzymes involved in lipid/sterol biosynthesis such as CYP11A1, HMGCR, DHCR7, FADS1, FADS2, NSDHL, SQLE, MSMO1, and FDFT1 (see Supplemental Fig. S2 ; oxidation reduction). Accordingly, lipid metabolism also emerged as a significantly enriched class (see Supplemental Fig. S3; lipid metabolism) , which in addition to the above-mentioned enzymes, included other downregulated lipid/sterol biosynthesis components such as HMGCS1, IDI1, LSS, MVD, and MVK, the cholesterol synthesis repressor INSIG1, plus oppositely regulated genes coding for the prostaglandin synthase PTGS2, the purinergic receptor P2RX7, the angiopoietin-like protein ANGPTL3/5, and the ATP-binding cassette transporter ABCA1. 
The opposite situation, that is, a significant enrichment when only upregulated genes were taken into consideration, was observed for the pathways in angiogenesis and metal ion binding processes. The former class (pathways in angiogenesis) included the highly induced IL8 and MMP1 genes, the integrincoding genes ITGA2, ITGA6, and ITGAV, plus the proliferation-related genes FOS and KRAS, and the prostaglandin synthase gene PTGS2 (Fig. 5) . PTGS2 upregulation was indirectly but strongly correlated with the increased prostaglandin E2 secretion previously documented in BoHV-4-infected BESCs [13] , an observation that further underscores the reliability of our in vitro infection system and of the resulting RNA-seq dataset.
The GO term metal ion binding, with a total of 46 DE genes, corresponded to the most populated and significantly enriched process identified by functional analysis (Fig. 6) . It also made up nearly half of the genes (five out of 12 annotated as DAVID IDs) induced more than 5-fold in BoHV-4-U-infected cells. These included the cadherin-related family member 4 precursor CDHR4, the protein-arginine deiminase PADI2, the transcription factors EGR1 and ZBTB20, and the matrix metalloproteinase MMP1 (8-fold induction). Additional transcription factors (BNC2, NR4A1, NR4A2, RORA, ZBTB10, and ZNF507) and the integrins ITGA2 and ITGAV were also found in this functional class.
Both up-and downregulated genes were present in the GO term intracellular signaling cascade. In addition to the previously mentioned angiopoietin growth factor ANGPTL3, one downregulated (MAPK13) and five upregulated kinases (CDK1, DUSP6, RIPK3, STK17B, and TGFBR1), two negatively modulated cyclin-dependent kinase inhibitors (CDKN1C and CDKN2B), and the upregulated growth factors LIF and KITLG (also present in the extracellular proteins class) were among the DE genes found in this functional class (see Supplemental Fig. S4 ; intracellular signaling cascade). Not surprisingly, genes belonging to the GO terms cell cycle and regulation of apoptosis were also significantly enriched. At variance with the upregulated IL8 gene, other cell cycle-related genes, such as ZBTB16, CDK1, MAPK13, KITLG, CDKN1C, CDKN2B, and CDKN3, were downregulated in BoHV-4-Uinfected cells (see Supplemental Fig. S5 ; cell cycle). Included in the regulation of apoptosis GO term were also four upregulated kinases, the transcription factor ZBTB16, and the orphan nuclear receptors NR4A1 and NR4A2 (see Supplemental Fig. S6A ; regulation of apoptosis). Microtubule/ cytoskeleton proteins were also DE with an apparent trend toward upregulation (see Supplemental Fig. S6B ; microtubule/ cytoskeleton proteins). This likely reflects the lack of specific host shutoff housekeeping genes in the BoHV-4 genome, which contrasts with the situation in other herpesviruses.
Only infection-induced genes (upregulated during infection), such as the transcriptional activators ETV1 and EGR1, the nuclear receptors NR4A1 and NR4A2, the transcription factor FOS, and the growth factors LIF and GONF1 (glial cellderived neurotrophic factor), plus the growth factor receptor TGFB1, are present in the positive regulation of transcription GO class (see Supplemental Fig. S6C ; positive regulation of transcription). Overall, 32 upregulated sequence-specific transcription factors were identified following the Animal Transcription Factor Database annotation [32] .
MMP1 Upregulation in BoHV-4-U-Infected BESCs
A substantial reprogramming of various biosynthetic and signaling processes was revealed by in silico analysis and functional categorization of DE genes between BoHV-4-Uinfected and noninfected endometrial stromal cells. A direct link with the pathogenic effects elicited by BoHV-4 infection can be envisaged for some specific functional classes of DE genes such as intracellular signaling cascade, positive regulation of transcription, glycoproteins/extracellular proteins, cell cycle, and regulation of apoptosis. Particularly relevant among such genes was MMP1, which was strongly upregulated (;8-fold) in virus-infected cells and functionally interconnected with three different processes (glycoproteins and extracellular proteins, Fig. 4 ; pathways in angiogenesis, Fig. 5; cation  binding, Fig. 6 ) also displaying a marked trend toward upregulation. Furthermore, extracellular matrix disruption and TEBALDI ET AL. tissue remodeling, two processes mediated by the proteolytic action of MMP1 and both particularly significant in the context of an endometrium-tropic virus such as BoHV-4, have previously been shown to represent common events in other viral infections [39] . MMP1 was thus selected as a test gene for independent validation by semiquantitative PCR (Fig. 7A) , Quantitative real-time PCR (Fig. 7B) and Western immunoblotting (Fig. 7C) analyses confirmed its upregulation in BoHV-4-U-infected cells. GAPDH expression was used as an internal control for semiquantitative PCR and quantitative realtime PCR data normalization because it was shown not to be modulated by BoHV-4 infection, at least with the dose of virus and length of time we used in the present work. In fact, this is directly demonstrated by the absence of an up-or downregulation of GAPDH transcripts within the BoHV-4-infected BESCs transcriptome. Further, because GAPDH is a glycolytic enzyme and because BESCs' metabolic activity is unchanged, as measured by MTT assay, it could be stated that GAPDH expression is not affected by BoHV-4 infection.
The latter result was also functionally verified in a luciferase reporter system. To this end, a 1089 bp minimal MMP1 promoter sequence containing most of the 5 0 untranslated Figure 7 , D and E, luciferase activity increased with the viral load in a statistically significant manner (P 0.001), even though relative induction levels compared to uninfected controls (;2.5-fold) were not so striking as observed with the natural (genome-encoded) MMP1 gene. This is likely due to the relatively short upstream sequence (1089 bp) used to drive Luc reporter expression, in which further upstream regulatory elements may be missing, and/or to the lack of a natural chromatin context. In fact, in contrast with the situation revealed by both RT-PCR and immunoblot assays conducted on the natural, genome-integrated version of MMP1 (Fig. 7A , B and C), relative light units measured in uninfected controls with the pMMP1-Luc reporter construct were exceedingly high (;20 000) (Fig. 7E) , indicating the lack of tight transcriptional control by the minimal promoter sequence contained in such construct. An alternative, nonmutually exclusive explanation is that because MMP1 expression is known to be also regulated at different posttranscriptional levels [40, 41] , what is revealed by the Luc-reporter system might actually be restricted to the sole transcriptional component of BoHV-4-induced MMP1 upregulation. TEBALDI ET AL.
BoHV-4 IE2/RTA as a Regulator of MMP1 Induction in BoHV-4-U-Infected BESCs
As a follow-up of the above results, we next wished to identify the viral master gene product that is directly or indirectly responsible for MMP1 induction in BoHV-4-Uinfected endometrial stromal cells. An obvious candidate was ORF50/RTA, which is the main transactivator of various viral genes leading to active virus replication, but one that also acts on host cellular genes by both direct binding to RTAresponsive promoter elements as well as by promoting geneactivating protein-protein interactions with as yet unknown cellular transcription factors. To test this hypothesis, we overexpressed ORF50/RTA in BESCs with the use of a p2xCMVeIE2 effector plasmid [14] bearing two copies of a 427 bp sequence element containing the hCMV enhancer (without the basal promoter) upstream to the BoHV-4 IE2 promoter (537 bp). As revealed by real-time PCR (Fig. 8A) and semiquantitative RT-PCR (Fig. 8B) , p2xCMVeIE2-transfected BESCs differentially upregulated the MMP1 transcript compared to control cells transfected with an unrelated (pEGFP-C1) mock plasmid. Although the precise molecular mechanisms remain to be determined, this result clearly indicates an important contribution of BoHV-4 ORF50/RTA to MMP1 upregulation in virus-infected stromal endometrial cells.
DISCUSSION
Pathogen eradication from the uterus requires the recruitment of immunological effector cells to the site of infection, prompted by innate immunity activation and inflammation establishment. Under favorable conditions, this is followed by pathogen killing, resolution of the inflammation, and remodeling of the uterine extracellular matrix in order to promote anatomical and functional tissue reconstitution. Although these immune-response events are necessary for pathogen clearance and tissue healing, hyperactivation of one more of the involved pathways can lead to an immunopathological overresponse reaction ending up in persistent infection, chronic tissue damage, and/or defective healing. The latter condition may favor further dissemination and persistency of the virus, not only in the uterus but also systemically [6, 42, 43] .
Matrix metalloproteinases are thought to play a key role in controlling the delicate balance between a normal and a hyperactivated immune response. Normo-responsive effects promoted by MMPs include basement membrane proteolysis aimed at favoring immune (e.g., helper T-lymphocytes and natural killer) cell migration from the bloodstream to the infection site, chemokine/cytokine gradient modulation to drive immune-cells toward the inflammation site, as well as proteolytic activation of IL8, TNFa, pro-IL1b, and defensins [44] .
In stark contrast with these beneficial effects of MMPs, numerous examples attest to the immunopathological outcomes that may arise from MMP overactivation (or abnormal protease inhibitor downregulation). These include neurological disorders associated with HIV and HTLV-1 infection [45, 46] , hepatocellular carcinoma resulting from chronic hepatitis B virus infection [47] , but also pathological states causally related to persistent bacterial infections such as LPS-associated endotoxic shock [48] , peptic ulcer and gastric cancer caused by chronic Heliobacter pylori infection [49] , and lung cavitation associated with Mycobacterium tuberculosis [50] . On the same note, MMP upregulation has been shown to be a physiological event involved in extracellular matrix remodeling during separation of bovine placental tissue from endometrium at term [51] , but also a pathological cue of LPS-induced endometritis [52] as well as of the severe negative energy balance state (with delayed uterine tissue repair) that occurs during postpartum in cows [53] .
Despite the complexity of the molecular responses elicited by BoHV-4 infection, the main findings of the present transcriptome analysis fit well, and actually extend from a mechanistic point of view, the above-described sequence of interconnected MMP-centered events. In keeping with the notion that different MMPs are positively modulated by different pathogens in different tissues, leading to distinct pathophysiological outcomes, MMP1, and to a lower extent MMP3, were the only MMPs that were found to be upregulated in BoHV-4-infected BESCs. Similarly, only one (PI15) out of five protease inhibitors expressed at above-background levels in BESCs turned out to be upregulated following BoHV-4 infection.
To this regard, worth of note, are the differences between the data obtained with BoHV4 and those of the seminal work by Oguejiofor et al. [54] , where the whole transcriptome of noncytopathic bovine viral diarrhea virus (ncpBVDV)-infected bovine endometrial cells was analyzed and compared with that of uninfected cells. The pattern of DE genes in ncpBVDVinfected cells was very different with respect to those of BoHV-4-infected cells, and the most striking difference was that genes, such as cytokines and MMPs, upregulated during BoHV-4 infection were downregulated during ncpBVDV infection. These discrepancies could be attributed to the deep differences existing between the two viruses and cells type employed for the analysis. BoHV-4 is a cytopathic, DNA large genome, type II interferon inducer herpesvirus, whereas ncpBVDV is a noncytopathic, RNA small genome, type I We also demonstrated the key involvement in MMP1 activation of the BoHV-4 master regulator RTA. However, despite the important transcriptional regulatory role played by RTA, additional (nontranscriptional) control mechanisms acting on MMP1 are known to exist and should also be considered. These include proteolytic pro-MMP enzyme conversion and fine tuning of protease activity by protein inhibitors (e.g., tissue inhibitors of metalloproteinases; TIMP), which can themselves be degraded by MMPs, thus further complicating the interplay between normal and hyperactivated cellular responses mediated by MMP1 and other metalloproteinases, including MMP3 [55] .
The two other most upregulated and functionally interconnected components that emerged from our study are IL8 and integrins. Regarding IL8, it is important to note that the MMPcleaved form of this cytokine is 10-fold more potent than the original molecule [56] , whereas the opposite effect (i.e., a nearly complete loss of activity and conversion into a receptor antagonist form) is observed with other cytokines as a negative feedback loop aimed at dampening cell migration while allowing a timely resolution of the inflammatory reaction [57] . Further underscoring the proliferation-promoting effects elicited by BoHV-4, other cytokines and growth factors (GDNF, KITLG, LIF, and STC1), surface receptors and signal transducers (CALCRL, GPR68, FST, RSPO3, and KRAS), and the transcription factor FOS were also found to be strongly upregulated by viral infection.
A similar trend toward upregulation was observed for the integrins ITGA2, ITGAV, and ITGA6, which is indicative of an extensive remodeling of cell surface-extracellular matrix interactions. In keeping with a profound alteration of the cell surface is also the dysregulation of multiple components (both enzymes and regulatory proteins) involved in sterol biosynthesis. Also noteworthy is the upregulation of PTGS2, the membrane-associated enzyme responsible for the synthesis of prostaglandin E2, a major inflammation elicitor and a previously documented landmark of BoHV-4 infection [13, 18] .
Although the underlying regulatory mechanisms, including additional direct effects of BoHV-4 IE2/RTA, remain to be elucidated, these seemingly disparate responses may all fit into an integrated functional model that can help to explain the role of BoHV-4 as a cofactor for postpartum endometritis development [15, 16] . The key elements of this model (outlined in Fig. 9 ), which considers infection of the bovine endometrium by environmental bacteria as a paraphysiological postpartum event that under normal conditions is cleared within 3 wk from parturition [1] , are the following: 1) in animals undergoing chronic BoHV-4 infection, persistently virus-infected macrophages are chemo-attracted from the periphery to the hyperaemic (perhaps also due to the proangiogenic effect of BoHV-4) and inflamed (PGE2) uterus; 2) multiple pro-inflammatory molecules, such as LPS, PGE2, and TNFa, capable of upregulating BoHV-4 IE2 gene expression [12, 15, 18] , promote BoHV-4 replication and spreading in the virus-permissive stromal cell layer of the uterus [13] ; and 3) IE2 (RTA) upregulation in newly infected BESCs induces MMP1 (Fig. 8) and IL8 [17] overexpression, which in turn promotes destruction and/or reduced healing of the endometrial tissue along with inflammatory cell recruitment and sustained inflammation.
In addition to the present mRNA expression data, which for the first time attest to BoHV-4 as an endometrogenic agent, the above model is supported by the known preferential production of MMPs by inflammatory cells as well as by stromal cells subjected to exogenous (e.g., LPS) and/or endogenous (e.g., TNFa, IL1b, PGE2) stimuli [58] [59] [60] . As mentioned before, some of the latter stimuli are causally related to MMP1 overexpression and have been identified as the products of BoHV-4 upregulated genes in this work.
Interestingly, the opposite effect, that is, MMP downregulation, has been reported for other cytokines such as IFNc, whose anti-BoHV-4 activity has been shown to rely on transcriptional downregulation of IE2 gene expression [16] . These cytokines, and especially IFNc, should thus be considered and further investigated as new therapeutic agents for the treatment of bovine postpartum endometritis with a complicated etiology. Another important future goal will be to identify the specific steps of the response to BoHV-4 infection that trigger the pathways responsible for the beneficial (tissue healing) or the destructive (delayed repair/endometritis) effects associated with MMP1 activity.
